Sex-limited polymorphisms are an intriguing form of sexual dimorphism that offer unique opportunities to reconstruct the evolutionary changes that decouple male and female traits encoded by a shared genome. We investigated the genetic basis of a Mendelian female-limited color dimorphism (FLCD) that segregates in natural populations of more than 20 species of the Drosophila montium subgroup. In these species, females have alternative abdominal color morphs, light and dark, whereas males have only one color morph in each species. A comprehensive molecular phylogeny of the montium subgroup supports multiple origins of FLCD. Despite this, we mapped FLCD to the same locus in four distantly related species-the transcription factor POU domain motif 3 (pdm3), which acts as a repressor of abdominal pigmentation in D. melanogaster. In D. serrata, FLCD maps to a structural variant in the first intron of pdm3; however, this variant is not found in the three other species-D. kikkawai, D. leontia, and D. burlaiand sequence analysis strongly suggests the pdm3 alleles responsible for FLCD originated independently at least three times. We propose that cis-regulatory changes in pdm3 form sexually dimorphic and monomorphic alleles that segregate within species and are preserved, at least in one species, by structural variation. Surprisingly, pdm3 has not been implicated in the evolution of sex-specific pigmentation outside the montium subgroup, suggesting that the genetic paths to sexual dimorphism may be constrained within a clade but variable across clades.
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In Brief Yassin et al. show that a female-limited polymorphism has evolved multiple times in the Drosophila montium species subgroup through independent changes in the same gene, pdm3. This strong genetic bias suggests that the evolution of sex-specific traits may follow relatively predictable paths constrained by genetic architecture.
SUMMARY
Sex-limited polymorphisms are an intriguing form of sexual dimorphism that offer unique opportunities to reconstruct the evolutionary changes that decouple male and female traits encoded by a shared genome. We investigated the genetic basis of a Mendelian female-limited color dimorphism (FLCD) that segregates in natural populations of more than 20 species of the Drosophila montium subgroup. In these species, females have alternative abdominal color morphs, light and dark, whereas males have only one color morph in each species. A comprehensive molecular phylogeny of the montium subgroup supports multiple origins of FLCD. Despite this, we mapped FLCD to the same locus in four distantly related species-the transcription factor POU domain motif 3 (pdm3), which acts as a repressor of abdominal pigmentation in D. melanogaster. In D. serrata, FLCD maps to a structural variant in the first intron of pdm3; however, this variant is not found in the three other species-D. kikkawai, D. leontia, and D. burlaiand sequence analysis strongly suggests the pdm3 alleles responsible for FLCD originated independently at least three times. We propose that cis-regulatory changes in pdm3 form sexually dimorphic and monomorphic alleles that segregate within species and are preserved, at least in one species, by structural variation. Surprisingly, pdm3 has not been implicated in the evolution of sex-specific pigmentation outside the montium subgroup, suggesting that the genetic paths to sexual dimorphism may be constrained within a clade but variable across clades.
INTRODUCTION
Sexual dimorphism is associated with some of the most extravagant phenotypes found in nature [1] . Despite significant progress [2] [3] [4] [5] [6] , the molecular mechanisms responsible for the origin of sex-specific traits remain poorly understood. Given the prevalence of sex-specific phenotypes, it is essential to take a broad comparative perspective. Does sexual dimorphism evolve via a limited set of genes and developmental pathways, or are there many ways to evolve a sexually dimorphic trait?
The genus Drosophila provides an excellent model for comparative analysis of sex-specific traits because it offers numerous transitions between sexual dimorphism and monomorphism. Many species in the melanogaster species group have sexually dimorphic pigmentation of posterior abdominal segments-usually dark in males and light in females [7] [8] [9] [10] . The male-specific pigmentation is an evolutionarily derived state controlled by sex-specific expression of the bric-a`-brac genes [7, 11] . However, several species in this group have monomorphic pigmentation, indicating recurrent transitions to or reversions from sexual dimorphism. Lack of male-specific pigmentation has been traced either to loss of sexually dimorphic bab expression or to changes in the cis-regulatory elements of pigment synthesis enzymes such as yellow, tan, and ebony [12] [13] [14] . These studies suggest that sex-specific abdominal pigmentation evolved through changes in the expression of a critical upstream regulator (bab) but can be further modified by mutations in downstream pigmentation genes.
In addition to male-specific pigmentation, some Drosophila species have female-limited color patterns, providing a rare opportunity to compare the genetic basis of evolutionary changes in male-and female-specific traits that are controlled by the same underlying gene network. Male pigmentation is seldom polymorphic within a species, and when variation exists, it usually distinguishes allopatric populations or subspecies [14] . In contrast, more than 20 species of the D. montium subgroup (a lineage within the melanogaster species group, sometimes elevated to species group status [15] ) have evolved femalelimited color dimorphism (FLCD) in posterior abdominal segments [16, 17] (Figure 1 ). In these species, females have discrete light and dark color morphs that segregate within natural populations, whereas males (with the exception of D. truncata) have only one abdominal color morph in each species, which can be either light or dark (Figure 2) . FLCD, which is controlled by a single Mendelian locus (Table S1 ; Supplemental Experimental Procedures), implies that sexually dimorphic and monomorphic genotypes segregate within a single species, making the montium subgroup an ideal model for reconstructing evolutionary transitions between sexually monomorphic and sex-specific genetic architecture.
FLCD has been described in only one species outside the montium subgroup, D. erecta, where it is controlled by cis-regulatory alleles of the X-linked melanin synthesis enzyme tan [19] . In contrast, FLCD in the montium subgroup is controlled by an unknown autosomal locus in all studied species [16] , suggesting that this trait may have different genetic bases in the two lineages. It is unknown whether the numerous cases of FLCD in the montium subgroup are caused by mutations in the same gene, or perhaps even the same mutations. To elucidate this question, we undertook a comparative study of FLCD in several distantly related species. Although our phylogenetic analysis indicates multiple origins of FLCD in the montium subgroup, this polymorphism maps to the same gene, the POU domain transcription factor pdm3, in all cases. However, the sequence variants associated with FLCD are unique to each species except the two most closely related ones, supporting multiple origins of FLCD through independent changes in the same locus. This is the first time pdm3 has been implicated in the evolution of color patterns. Intriguingly, an accompanying study of malespecific pigmentation in the closely related ananassae species subgroup [14] reveals a completely different, but equally reproducible, genetic basis of evolutionary changes, suggesting that genetic biases that constrain the evolution of sex-specific traits may differ both between clades and between sexes.
RESULTS

Phylogenetic Relationships Do Not Predict FLCD in the montium Subgroup
To gain insight into the evolutionary history of FLCD in the montium subgroup, we inferred a molecular phylogeny of 44 species from one mitochondrial and three nuclear genes. The Bayesian tree with the greatest posterior probability identified six clades whose monophyly was supported by >95% posterior probability (clades I-VI in Figure 2A ). We then evaluated phylogenetic signal, a measure of the tendency for species to share phenotypic traits because of their phylogenetic relationships, for male and female abdominal color using information gathered from the literature and our collections (Table S1 ; Supplemental Experimental Procedures). Bayesian inference of color evolution in each sex produced contrasting results. While male ancestors of all clades could be significantly assigned to light or dark phenotypes indicating a strong signal (l = 0.82), female ancestral states varied within all clades with a low signal (l = 0.33) that was not significantly different from 0 (Bayes factor = 1.58) ( Figure 2B ). This difference is consistent with the absence of evolutionary correlation between male and female pigmentation (Bayes factor = 0.14). The rate of loss of dark pigmentation in females is higher than the rate of gain regardless of the male phenotype ( Figure 2C ), and light monomorphic species are more common than dark monomorphic species.
FLCD in D. serrata Maps to a Structural Variant in pdm3
To investigate the genetic basis of FLCD in D. serrata, we crossed light and dark strains and found that female pigmentation is controlled by a single autosomal Mendelian locus with a dominant dark allele, similar to other montium subgroup species. To identify the pigmentation locus, we implemented a threestage mapping process. First, we genotyped light and dark F 2 backcross females at 40 SNP markers distributed across the genome. Two markers had complete association with female pigmentation, and permutation tests yielded a genome-wideadjusted p value of <0.001 ( Figure S1A ). These markers were located on scaffolds 2 and 15 of the D. serrata genome assembly [20] , corresponding to a single region on chromosome arm 2R in D. melanogaster. To further map the pigmentation locus, we introgressed the dominant dark allele into a light genomic background for 25 generations. We then examined F 25 introgression and F 2 backcross genotypes for 29 SNP markers located within scaffolds 2 and 15 (Supplemental Experimental Procedures). This analysis localized D. serrata FLCD to a 708 kb interval on scaffold 2 ( Figure S1B ).
We then tested SNPs for association with female pigmentation after sequencing the genomes of 100 inbred D. serrata lines, which included 86 light, 12 dark, and two polymorphic lines (coded as ''dark''). After removing three related lines, we tested 3,920,302 SNPs across the genome using the Cochran-Armitage trend test and used the Benjamini-Hochberg correction to control the false-discovery rate. Five SNPs had a p value <1 3 10
À11
, but one showed an exceptionally strong association with female pigmentation (p = 1 3 10 À22 ). This top SNP occurred within the 708 kb interval on chromosome arm 2R identified by introgression mapping ( Figure 3A ). At this SNP, all pure-breeding dark lines were fixed for the minor allele and all light lines were fixed for the major allele. This SNP and one of the other highly associated SNPs 480 bp away are both located in the first intron of the transcription factor POU domain motif 3 gene (pdm3) (Figure 3B ). pdm3 is a member of the class VI POU domain protein family and has known roles in axon targeting and brain development [21, 22] , but it was recently shown to affect abdominal pigmentation as well [10] . Closer inspection of the first intron in pdm3 in the genomewide association study (GWAS) panel revealed a mapping bias between light and dark strains in the region between the pdm3 intronic SNPs. All 86 light lines aligned well to the interval between these SNPs with an average coverage of 233 per line, but dark strains had an average coverage of 03 in this interval. To determine whether structural variation could account for this mapping bias, we used reads from an $5 kb region centered around this region to assemble haplotypes de novo for seven . Gray bars at nodes show the 95% confidence intervals (CIs) for the estimated divergence times assuming D. melanogaster and montium species diverged 28 million years ago [18] . The four species in our mapping analysis are underlined in blue. (B) Probabilities of ancestral pigmentation for the montium subgroup (bottom) and each major clade. (C) Inferred transition rates (the number of times a continuous-time Markov chain moves among states relative to branch lengths) between different male and female abdominal pigmentation phenotypes. A transition from one female state to another (dark / light or light / dark) requires a transitional state where light and dark alleles segregate within species so that the females are color dimorphic until the new allele is fixed; this is represented by the FLCD axis. Arrow thickness reflects the frequency of transitions. See also Table S1. homozygous dark and seven homozygous light lines. Within this 5 kb region, we discovered a 786 bp haplotype common to all dark strains; this haplotype was 333 bases longer than the haplotype common to all light strains and to the reference genome. As expected if the light allele is recessive, no reads from light lines mapped to the reconstructed dark allele. We designed primers to amplify and sequence this region from light and dark D. serrata females ( Figure 3C ) and corroborated the presence of two distinct alleles ( Figure 3D ). These results confirm the presence of a structural variant within the first intron of pdm3.
To study the potential origin of this structural variant, we used a dot plot to compare light and dark allele sequences. The two alleles did not align in either orientation (providing no support for an inversion), but there was weak evidence for four tandem repeats in the dark haplotype ( Figure 3E ). Using the MEME suite tools [23] , we found three significant motifs with E values <0.05 in the dark allele that were absent in the light allele. In concordance with the dot plot, these three motifs were found in four tandem sets ( Figure 3F ), suggesting that duplications and modifications to these motifs might have led to the origin of this structural variant. We used BLAST to search for other instances of these motifs in the D. serrata genome; two motifs had top high-scoring segment pairs (E values of 8 3 10 À9 and 9 3 10 À20 ) on scaffold 2 immediately proximal to the structural variant that were present in both light and dark flies. We therefore hypothesize that the dark structural variant may have formed via tandem duplications of a flanking precursor motif. Intriguingly, one of these repeated motifs has predicted binding sites for the HOX gene Abdominal-B (Abd-B) and the major effector of sex differentiation, doublesex (dsx). Although this remains to be tested, co-regulation of pdm3 by HOX and sexual differentiation genes is a plausible mechanism for establishing female-limited gene expression, as Abd-B and dsx have been shown to control sexually dimorphic pigmentation in D. melanogaster [7, 9] . Overall, the divergence in length and sequence between the light and dark haplotypes most likely reduces homologous recombination between them, thereby preserving discrete alleles.
Genetic Variation within and between PigmentationAssociated Haplotypes
The light and dark D. serrata haplotypes did not align within the structural variant but aligned well in the flanking sequences (Figure S2) . No excess of genetic divergence (D xy ) or nucleotide diversity (p) was observed between the two morphs outside the structural variant boundaries ( Figure S3A ). Our data therefore lack a signal of elevated divergence that might be expected under long term balancing selection; this is in contrast to FLCD in D. erecta, which shows excess polymorphism at the tan locus [19] . Although it is possible that the high rates of recombination typical for Drosophila could erase the linked effects of balancing selection over time-in light of per-bp, per-generation recombination rates averaging roughly 1 3 10 À8 [24] and approximately ten generations per year, we expect on the order of one recombination event every 10 bp per million years-the dark allele may have originated recently. The dark alleles show modestly reduced genetic variation immediately around the structural variant, along with higher linkage disequilibrium (LD) ( Figure S3B ) and lower nucleotide divergence. Nucleotide diversity (p) was estimated to be 0.007 (95% CI 0.004À0.009) for the dark allele and 0.015 (95% CI 0.011-0.018) for the light allele. [25] , D. burlai [16] , and D. serrata. For D. kikkawai, we conducted two introgression experiments similar to those for D. serrata, performed between light and dark strains from South America (33 generations) and India (ten generations). We then sequenced the genomes of 30 pooled dark introgression females and compared allele frequencies of each pool to its corresponding light parental line by mapping reads to the D. kikkawai reference genome [26] . To test for SNPs that significantly deviated from the distribution in the parental lines in both experiments, we performed the Cochran-Mantel-Haenszel (CMH) test [27, 28] . Two scaffolds, KB459527 and KB459631 of the D. kikkawai reference genome, contained an excess of significant SNPs. These scaffolds correspond to a syntenic block of $460 kb of the D. melanogaster chromosome arm 2R, from base coordinates 8,173,480 to 8,631,633 (release 6.2), including the pdm3 gene. However, the lowest CMH p values within this peak were found in the upstream region of pdm3, rather than in its first intron ( Figures 4A  and S4A ). An outlier SNP was also found on chromosome arm 3L, falling in the intronic region of the gene CTP synthase (CTPsyn). However, the introgression profile (only a single SNP), the known functions of this gene, and the Mendelian nature of FLCD do not support a role of this outlier in the evolution of this trait.
D. leontia is closely related to D. kikkawai (Figure 2A ), and reciprocal crosses between these two species produce fertile hybrid females but sterile males [29] . We generated D. leontia strains that were homozygous for dark and light pigmentation and introgressed the dominant dark D. leontia allele into (1) the light strain of D. leontia (intraspecific introgression) and (2) the light strain of D. kikkawai (interspecific introgression), each for 12 generations. Similar to D. kikkawai, the same two scaffolds were implicated, overlapping pdm3 ( Figures 4B and S4B) .
For D. burlai, we generated homozygous dark and light lines from a single polymorphic strain. We introgressed the dominant dark allele into the light background for ten generations and compared allele frequencies between the light parental line and dark introgressed F 10 females, as well as between light and dark F 5 females, with the CMH test. Here again, the most significant CMH peak in D. burlai was found in the pdm3 region ( Figures 4C and S4C ). Because FLCD is monogenic in D. burlai, lesser peaks on 2R and other arms may reflect incomplete synteny between D. burlai and the D. kikkawai genome that we mapped reads against (i.e., loci that are close to pdm3 in
D. burlai, but not in D. kikkawai).
Multiple Origins of FLCD Alleles FLCD in the Drosophila montium subgroup could be a trans-species polymorphism, caused by shared alleles inherited from a common ancestor or exchanged through gene flow. We tested whether the structural variant found in D. serrata was also present in the three other species by amplifying an $1.5 kb fragment surrounding this variant. We did not detect any size or major sequence differences at this location between color strains in these species. We aligned $5 kb sequences, obtained from reference genomes or Sanger sequencing, between all four species plus D. birchii and D. bunnanda ( Figure S2 ) and inferred a phylogeny of this region ( Figure 5A ). The D. serrata dark haplotype grouped with other haplotypes from D. serrata and the closely related species (posterior probability 94%) and showed no clustering with dark haplotypes of D. kikkawai, D. leontia, or D. burlai ( Figure 5A ), suggesting that the structural variant perfectly associated with dark pigmentation in D. serrata is unique to this species. We also looked for shared FLCD-associated SNPs between pairs of species. In the closely related D. kikkawai and D. leontia, the pdm3 scaffold (KB459527) showed an excess of shared SNPs that consistently differentiate dark and light morphs in the two species. Consistent with a common genetic basis of FLCD between these two species, a complementation test between their light strains produced all light Figure 5B ). D. burlai did not share FLCDassociated SNPs with any other species, either. We also checked for shared large indels that differentiate pigmentation morphs in multiple species but found none. Examining called (shorter) indels, again we found no evidence of common structural variants between species at the pdm3 locus ( Figure S6 ). The lack of shared FLCD alleles among species is consistent with our finding of low phylogenetic signal for female pigmentation in the montium clade ( Figure 2B ) and suggests that FLCD is unlikely to be a trans-species polymorphism inherited from the montium subgroup ancestor.
pdm3 Represses Pigmentation in Both Sexes in D. melanogaster Of all the genes in the introgressed intervals identified in our mapping experiments, only pdm3 has been identified as a regulator of abdominal pigmentation in D. melanogaster [10, 21] . A previous study, Rogers et al. [10] , was unable to determine whether pdm3 activates or represses pigmentation, as different RNAi hairpins appeared to have opposite effects on pigmentation. We replicated one of the Rogers et al. crosses and used an additional RNAi hairpin to knock down pdm3 using pnr-GAL4 and Abd-B-GAL4 drivers [30] , which drive expression along the dorsal midline and in the posterior abdominal segments, respectively. We observed increased pigmentation with all pdm3 RNAi constructs and drivers ( Figures 6A-6D and S5 ). We also found that mutants homozygous for a piggyBac insertion in pdm3 (PBac {WH}pdm3 f00828 [31] ) had darker abdomens than flies with a precise excision of this transposon ( Figures 6E-6H ). Conversely, overexpression of pdm3 in posterior abdominal segments resulted in decreased pigmentation ( Figures 6I  and 6J ). Together, these data suggest that pdm3 acts as a repressor of abdominal pigmentation. Neither of the other genes that we tested in this interval (Oaz and LRP1) strongly affected pigmentation ( Figure S5 ). Although LRP1 showed a slight decrease in A6 pigmentation in females with the Abd-B driver, it did not show this change with the pnr driver, suggesting that the phenotype may be due to genetic background rather than LRP1. Thus, pdm3 is most likely solely responsible for FLCD. It is possible that the trans-regulatory landscape of the abdominal epidermis has diverged between the melanogaster and montium subgroups-such a difference might explain why pdm3 does not cause FLCD in the melanogaster subgroup [19] . However, pdm3 appears to be an important part of the pigmentation pathway in both lineages. Molecular studies of the regulatory interactions of pdm3, as well as genetic analyses of FLCD in additional montium subgroup species, may further illuminate the evolutionary constraint of this trait. 
DISCUSSION pdm3 Is a Hotspot for Female-Specific Evolutionary Changes
To test whether the evolution of female-specific traits follows predictable developmental trajectories, we compared the genetic basis of a female-limited Mendelian dimorphism that has repeatedly evolved over $19 million years ( Figure 2A ) in the Drosophila montium subgroup. This trait consistently mapped to the same locus, pdm3, in four species whose last common ancestor lived $13.1 million years ago. Sequence analysis strongly suggests that pdm3 alleles responsible for FLCD originated independently at least three times in different lineages. These findings indicate a strong genetic constraint in the evolution of FLCD. The reasons for this constraint are not clear. pdm3 functions in brain and olfactory neuron development [21, 22] and was have increased dark pigmentation throughout all abdominal segments (arrowheads) in females (n = 1; G) and males (n = 6; H) relative to females (n = 8; E) and males (n = 5; F) with a precise excision of the piggyBac transposon. (I and J) Ectopic expression of a short pdm3 isoform (without exon 9) driven with AbdB-GAL4 and tub-GAL80 ts results in patchy, decreased pigmentation of posterior segments (arrowheads) in females (n = 3; I) and males (n = 6; J). Expression of a long pdm3 isoform (including exon 9) produces similar phenotypes (not shown). See also Figure S5 .
recently identified in a large RNAi screen for genes affecting abdominal pigmentation in D. melanogaster [10] , but it has not been implicated in the evolution of pigmentation in any of the previously studied Drosophila species. This is surprising because color pattern variation in other species has been mapped both to transcription factors such as bab and Abd-B [14, [32] [33] [34] [35] [36] [37] and pigment synthesis enzymes such as ebony, yellow, and tan [13, 14, 19, 34, [36] [37] [38] [39] . The Mendelian action and discrete alleles of pdm3 in D. serrata suggest that this transcription factor could act as a binary switch that toggles the expression of multiple pigmentation enzymes to produce either very dark or very light pigmentation, with no intermediates. This property may favor genetic changes in pdm3 during the evolution of starkly dimorphic, sex-limited phenotypes. cis-regulatory mutations that alter transcription factor expression have been observed in other species with sex-limited polymorphisms, for example, in the female-limited orangeblotch phenotype in Lake Malawi cichlids [2] . However, in the only known Drosophila species with FLCD outside of the montium subgroup-D. erecta of the melanogaster subgroupfemale abdominal pigmentation is regulated by cis-regulatory changes in tan, not pdm3 [19] , suggesting that it is also possible to evolve discrete phenotypes through direct regulatory changes in a single enzyme.
Within the montium clade, pdm3 could be a hotspot for FLCD evolution because all species share a similar gene regulatory architecture [40] . The last common ancestor of this clade most likely had dark males but either light or polymorphic females (Figure 2B) . If pdm3 was ancestrally involved in generating sexually dimorphic pigmentation, that sex-specific regulatory architecture could have been co-opted repeatedly for the evolution of sex-limited polymorphism.
Our finding that causative pdm3 alleles map to different parts of the locus suggest that pdm3 may have several, partially redundant, abdominal enhancers and that the relative importance of these enhancers may change over evolutionary time as has been found for the yellow gene [41] . This raises the possibility that FLCD with distinct light and dark alleles evolved only once in the last common ancestor of the montium subgroup but that the molecular basis of these alleles has subsequently diverged. However, we find no direct support for this scenario. Although phylogenetic analysis cannot recover the ancestral female states (clade IV-VI likelihoods: 27.3% dark, 30.6% light, and 42.1% dimorphic), the overall transition rates for female pigmentation are very high (101.7 from dimorphic to light, and 15.6 from dimorphic to dark). Thus, it seems unlikely that FLCD would have been maintained over the full branch length connecting our four studied species. At a minimum, our data show that there are multiple ways to alter the regulation of pdm3 to modulate sex-specific pigmentation, suggesting that strong constraint at the gene level masks greater flexibility at the level of cis-regulatory sequences.
Unique pdm3 alleles associated with FLCD may reflect the fact that there are multiple ways to attain sex specificity. Often, gains and losses of sexual dimorphism involve the fixation of sex-limited or sexually monomorphic alleles during species divergence [14] . For instance, gain and loss of Doublesex binding sites in the desatF gene is associated with evolutionary transitions between sexually dimorphic and sexually monomorphic cuticular hydrocarbon profiles [42] . In contrast, FLCD can be explained by long-term segregation of dimorphic and monomorphic alleles within a single species. We hypothesize that transitions between canonical sexual dimorphism and sex-limited polymorphism occur via changes in the sex-specificity of existing alleles. Different types of regulatory changes-inactivation of a female-specific allele in females, activation of a male-specific allele in females, etc.-can all result in FLCD as long as both ancestral and derived alleles are maintained in natural populations. This flexibility may explain both the frequent occurrence of FLCD in the montium subgroup and the fact that it was arrived at through different sequence changes.
Discrete Functional Alleles May Be Maintained by Structural Variation
The divergent pdm3 alleles associated with FLCD in D. serrata suggest a role for structural variation in maintaining alleles with widely disparate phenotypes within species. Chromosomal inversions have been found to preserve complex mimicry-associated alleles in Heliconius and Papilio butterflies [5, 6, 43, 44] , social morphs in fire ants [45] , and male morphological/behavioral syndromes in ruffs [46] due to their ability to suppress recombination. However, we do not find evidence for inversions spanning the pdm3 locus in any of the montium species. In D. serrata, we suspect that the structural polymorphism associated with FLCD contains cis-regulatory sequences that form light and dark alleles and that these alleles are protected from recombination due to the lack of sequence homology between the light and dark haplotypes. If confirmed, this would be the first case of a fragment polymorphism (the existence of two alternative nonhomologous sequences) that maintains a sex-limited polymorphism.
Potential Fitness Consequences of Light and Dark pdm3
Alleles Multiple abdominal color morphs may be maintained if they experience fitness tradeoffs. Variation in abdominal pigmentation in flies has been associated with desiccation tolerance [47] , UV resistance [48] , and thermal adaptation [49] . However, environmental causes alone might not explain why FLCD is sex specific. Alternatively, dark and light female morphs could reflect different reproductive strategies. Payant [17] found evidence for frequency-dependent sexual selection on FLCD morphs in D. erecta: at some morph frequencies, male-resembling females had lower rates of mating, which may be costly in that species [50] . Thus far, there has been mixed support for balancing selection in several montium species [25, [51] [52] [53] [54] [55] [56] . Fitness experiments and population-genetic analyses in multiple species with FLCD will be needed to address the adaptive significance of this trait.
Conclusions
Our study establishes the Drosophila montium subgroup as a prime model for investigating the molecular basis of sexual dimorphism and sex-limitation. Each species or lineage with an independent origin of FLCD can serve as a natural replication of the same evolutionary experiment. The segregation of sexually dimorphic and monomorphic alleles within species offers a rare glimpse at the earliest steps in the gain (or loss) of sexspecific phenotypes. Using unbiased mapping approaches, we have shown that FLCD has evolved independently at least three times in the montium clade through parallel non-coding changes in pdm3, presenting a remarkable example of genetic predictability. Interestingly, pdm3 has not been implicated in the evolution of male-specific or sexually monomorphic color patterns in any other Drosophila species examined to date, suggesting that although the evolution of FLCD is genetically biased within the montium subgroup, the genetic architecture of sexually dimorphic pigmentation may differ between clades and possibly between sexes as well.
EXPERIMENTAL PROCEDURES Phylogenetic Analysis
We reconstructed a molecular phylogeny for 44 montium subgroup species from concatenated sequences of three nuclear genes (Adh, Amy1, and Amyrel) and one mitochondrial (COII) gene using MrBayes [57] . We then estimated the phylogenetic signal, evolutionary correlation, and state transition rates for male and female abdominal pigmentation using BayesTraits [58] (see the Supplemental Experimental Procedures).
Introgression Mapping in D. serrata, D. kikkawai, D. leontia, and D. burlai We established homozygous light and dark strains and generated intraspecific introgressions for each species by backcrossing heterozygous dark females to males of the light parental strain for 10-33 generations. For the one interfertile species pair, D. kikkawai and D. leontia, we also introgressed the dark D. leontia allele into a light D. kikkawai strain. We mapped introgression breakpoints in D. serrata using 69 genotyping markers. For the other three species, all introgression and parental lines were sequenced. We extracted DNA from pools of 30 females per line using a phenol-chloroform extraction and sequenced on the Illumina HiSeq 2000 platform with paired-end 100 bp reads. SNPs with significantly different allele frequencies were detected using the CMH test implemented in PoPoolation2 [59] .
Association Mapping and Detection of a Structural Variant in D. serrata We mapped female pigmentation in a panel of 100 inbred lines. We extracted DNA from 30 virgin females per line using a phenol-chloroform extraction and sequenced each line with 100 bp paired-end reads on the Illumina HiSeq platform to $153 coverage. We aligned reads from each line to the D. serrata genome [20] using bwa mem [60] with soft clipping enabled, and indels were realigned using the Genome Analysis Toolkit [61, 62] . Genotypes were inferred using the Joint Genotyper for Inbred Lines [63] . We used the Cochran-Armitage trend test in PLINK [64] to test for single-SNP associations. We detected missing reads between the top pigmentation-associated SNP and a neighboring associated SNP in the first pdm3 intron and reconstructed haplotypes from seven dark and seven light lines within this region using the Velvet assembler [65] . We verified these alleles using PCR and Sanger sequencing (see the Supplemental Experimental Procedures). We estimated nucleotide diversity (p), genetic divergence (D xy ), and linkage disequilibrium (r 2 ) using the pegas package in R [66] , MEGA [67] , and PLINK. 
Functional Tests in D. melanogaster
We evaluated the role of pdm3 in cuticular pigmentation using the GAL4/UAS system to either knock down pdm3 (UAS-pdm3-RNAi) or ectopically express it (UAS-pdm3) in D. melanogaster. We knocked down pdm3 and two nearby genes (Oaz and LRP1) using Harvard TRiP stocks and pannier-GAL4 and Abdominal-B-GAL4 drivers. We also drove increased UAS-pdm3 expression using a stock that excludes exon 9 (which can be alternatively skipped in D. melanogaster) (gift from J. Carlson). In addition, we compared cuticular pigmentation between hypomorphic pdm3 mutants (PBac {WH}pdm3 f008 , formed by a piggyBac transposon insertion between exons 8 and 9) and strains with a precise excision of the piggyBac insertion. Cuticle mounts were prepared following Duncan [68] . 
